Six muscles of the mallard duck (Anas platyrhynchos), the common coot (Fulica atra) and the yellow-legged gull (Larus cachinnans) were analysed morphometrically, with special emphasis on their functional implications and physiological needs. Oxidative fibres always had significantly smaller size than anaerobic fibres, although no differences in the number of capillaries per fibre were found. This resulted in greater capillary counts per unit of fibre area and perimeter in oxidative than anaerobic fibres, which indicates that the greater demand for oxygen supply may be achieved by decreasing the size of the muscle fibre rather than by increasing the number of associated capillaries. Fast oxidative fibres of the pectoralis and the triceps of the gull had greater sizes than the fast oxidative fibres of the mallard and the coot, which correlates with the difference in energetic demands between flapping and gliding flight. Greater fibre cross-sectional areas and perimeters seem suited to afford the long-lasting activity with low metabolic demands required during gliding. By contrast, mallards and coots attain a high oxidative metabolism, during sustained flapping flight, by reducing fibre size at the expense of a diminished ability for force generation. Between-species comparisons of the hindlimb muscles only yielded differences for the anaerobic fibres of the gastrocnemius, as an important adaptive response to force generation during burst locomotion. The need to manage sustained swimming abilities effectively may result in similar FOG fibre morphometry of the hindlimb muscles studied, indicating that a compromise between the oxygen flux to the muscle cell and the development of power is highly optimised in oxidative fibres of the bird species studied.
The study of muscular properties in relation to muscle fibre composition, capillary supply and other morphometric parameters such as fibre cross-sectional area and capillary diffusion distances has demonstrated that muscles with a great proportion of oxidative fibre types have high oxygen demands and tend to present a high capillary supply, whereas those which rely on glycolytic metabolism consist of anaerobic fibres supplied by poor capillary networks (Plyley & Groom, 1975 ; Brodal et al. 1977 ; Gray & Renkin, 1978 ; Ripoll et al. 1979 ; Hudlicka! , 1985 ; Snyder, 1990) .
Research on the capillary network supplying each muscle has some drawbacks because oxygen supply to muscle cells, which is reached from capillaries by convection and diffusion transport (Groebe, 1992) , is
Correspondence to Dr G. Viscor, Departament de Fisiologia, Facultat de Biologia, Universitat de Barcelona, Av. Diagonal 645, E-08071 Barcelona, Spain. Tel : j34 34021529 ; fax : j34 34110358 ; e-mail : gviscor!bio.ub.es a highly complex process. Although many variables have been used in order to quantify the capillary supply in muscle transverse sections (e.g. capillaries per unit area, capillaries per fibre, number of capillaries around each fibre, intercapillary distances), no single variable adequately describes the physical dimensions and the functional capacity of the capillary network (see Egginton & Ross, 1992) . For this reason it is appropriate to assess the number of capillaries around each fibre together with other morphometric fibre parameters such as fibre areas and perimeters and their relative capillary counts, in order to describe the capillary supply of the individual muscle fibres (Andersen & Henriksson, 1977) . This paper presents the findings of an extensive morphometric study on muscle fibres of 3 species of wild birds : the mallard duck (Anas platyrhynchos), the yellow-legged gull (Larus cachinnans) and the common coot (Fulica atra). Six locomotor muscles were used, emphasising their ecophysiological needs after a comparative approach at both the species and fibre type levels.
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Animals and muscles
Adult animals of either sex of the 3 species of wild birds used for this study (meansp... body weight) consisted of 7 mallard ducks Anas platyrhynchos (1009p82 g), 6 yellow-legged gulls Larus cachinnans (1062p63 g) and 6 common coots Fulica atra (794p53 g). The mallards and the coots were obtained from Parc Natural del Delta de l'Ebre (Tarragona, Spain) during January and February of 1992 and 1993. All were captured by hunters, supervised by Park guards, under the provision of a scientific collector's permit (no. 5605\92) from the Direccio! General d'Agricultura, Ramaderia i Pesca de la Generalitat de Catalunya. The yellow-legged gulls were caught on the Medes Islands (Girona, Spain) in April 1993 during a campaign for the control of the population of this species, undertaken by wildlife management technicians of the Departament d'Agricultura, Ramaderia i Pesca de la Generalitat de Catalunya.
The following 6 muscles, according to the nomenclature of Vanden Berge (1979) , were selected for the study. Four are involved in flight : pectoralis (PEC), scapulotriceps (TSC), scapulohumeralis caudalis (SCH) and extensor metacarpi radialis (EMR) ; 2 are concerned with aquatic and terrestrial locomotion : iliotibialis cranialis (ITC) and gastrocnemius lateralis pars externa (GLE). The Table  shows the origin, insertion and function of each muscle according to the current literature. The whole muscles were excised from each animal for ITC, GLE, TSC, EMR and SCH. Samples from PEC were selected from the mid-belly of the muscle, taking special care to dissect the muscles in the entirety from their superficial to deep parts.
Histology and sampling procedure
Muscles were marked before excising in order to determine sample orientation when processed. After removal, muscles were frozen in 2-methylbutane cooled to k160 mC and stored in liquid nitrogen until sectioning. This was carried out in a cryostat (Reichert-Jung) at k20 mC, in transverse serial adjacent sections from the muscle equatorial zone. Sections (14-20 µm) were mounted on 2 % gelatinised slides and incubated for 5 min in a buffered fixative (Viscor et al. 1992) . Thereafter, the following histochemical assays were applied : (1) succinate dehydrogenase, SDH (Nachlas et al. 1957) ; (2) α-glycerophosphate dehydrogenase, GPDH (Wattenberg & Leong, 1960) ; (3) myofibrillar adenosine triphosphatase, mATPase (Brooke & Kaiser, 1970) ; (4) ATPase, in order to reveal muscle capillaries (Fouces et al. 1993 ) ; (5) Sudan black B (Chiffelle & Putt, 1951) ; (6) combined mATPase and acetylcholinesterase technique, AChE (Torrella et al. 1993) , applied both in longitudinal and transverse sections. Fig. 1 . Transverse diagrammatic representation of the 6 muscles studied showing the zones from which fields were chosen for morphometric measurements. The name of the field (indicated as the initial of the muscle followed by the field number) labels each box, which also shows the total number of fibres measured for each field and for each bird species. Anatomical location code : D, dorsal ; V, ventral ; A, anterior ; P, posterior ; E, external ; I, internal. Muscle identification code : E, extensor metacarpi radialis ; T, scapulotriceps ; S, scapulohumeralis caudalis ; I, iliotibialis cranialis ; P, pectoralis ; G, gastrocnemius lateralis pars externa. Species identification code : M, mallard duck ; G, yellow-legged gull ; C, common coot.
An extensive sampling protocol was applied for each muscle in order to describe the morphometric characteristics of the whole section (see Torrella et al. 1996) . In all cases the transverse sections from each muscle were divided into a grid-like structure throughout 2-dimensional axes. First, we determined the major axis and divided it into several regular intervals. Thereafter, secondary orthogonal axes that transected the divisions were drawn as lines, the total length of which was also divided into regular intervals. This procedure yielded a grid on each muscle from which we selected, as measuring zones or fields, some of the Significance values : ns l not significant ; * l 0n05 P 0n01 ; ** l 0n01 P 0.001 ; *** l P 0n001.
areas centred on the intersections. The exact position of the 26 fields resulting from this sampling protocol is shown in Figure 1 .
Fibre types and morphometric measurements
Fibre types were classified according to the nomenclature of Peter et al. (1972) . It is well known that fibres follow a continuum in the staining pattern when some histochemical assays are performed (Dahl & Roald, 1991 ; Staron & Pette, 1993) . This makes it difficult in some instances to separate fibres into different types. To minimise the inconveniences caused by this fact, we used the mATPase histochemical assay to differentiate between fast and slow fibres. Thereafter, the SDH technique was used to separate oxidative from anaerobic fibres. The activity of this enzyme was judged on a subjective basis by the same observer, who classified the intermediate fibres, when present, into the oxidative group. The following fibre types were thus identified. First, slow oxidative fibres (SO) which had a low alkaline and high acidic mATPase stability, a multiple innervation pattern and moderate SDH stainings, however, in the deep PEC of the coot these fibres had low SDH staining and were termed slow white fibres (SW). Fast glycolytic (FG) Tables show the levels of significance after running Scheffe! multiple comparison tests. In the upper part of each table (Birds) species comparisons are tested regarding each fibre type. The lower part of each table (Fibres) shows the results of comparing fibre types with regard to each species. Significance values : ns l not significant ; * l 0n05 P 0n01 ; ** l 0n01 P 0n001 ; *** l P 0n001. and fast oxidative glycolytic (FOG) fibres had high alkaline and low acidic mATPase stability and focal innervation. SDH activity was low in FG fibres and moderate to high in FOG fibres. Both fast fibre subtypes presented high GPDH staining which contrasted with slow fibres that had low activities for this enzyme. Oxidative fibres (SO and FOG) had moderate to high Sudan B staining whilst it was low in the anaerobic fibres (SW and FG).
Fibre typing and fibre morphometric measurements for each field were obtained using a light microscope (Dialux Leitz, Wetzlar, Germany) equipped with a camera (Wild MPS51, Heerburg, Switzerland). Fibre measurements were carried out from photomicrographs taken at a magnification of i200 by means of a digitiser tablet (Calcomp 23180-4, Anaheim, CA, USA) connected to a personal computer using suitable software (Sigma-Scan, Jandel Scientific, Erkrath, Germany). A total of 56 498 fibres were measured. Figure 1 shows the distribution of this number throughout each field and bird species. The number of capillaries in contact with each fibre (NCF), the fibre cross-sectional area (FCSA), the fibre perimeter (FPER) and the maximal . Significance values : ns l not significant ; * l 0n05 P 0n01 ; ** l 0n01 P 0n001 ; *** l P 0n001.
oxygen diffusion stance (MDD) represented by the distance between the geometric centre of the fibre and its surrounding capillaries, were measured directly. To obtain these data, at least 40 muscle fibres of each different fibre type per muscle field were randomly selected. Where the numbers of a given fibre type were below 40, all the fibres of the field were used to obtain these parameters. Two indices expressing the relationship between the number of capillaries in contact with a fibre and its cross-sectional area (CCA l NCFi10$\FCSA) or perimeter (CCP l NCFi10#\FPER) were also calculated. These indices should be seen as a measure of the number of capillaries per 1000 µm# of muscle fibre cross-sectional area (CCA) and the number of capillaries per 100 µm muscle fibre perimeter (CCP). Muscle values (means of field values) for FCSA, FPER, MDD, NCF, CCA and CCP were analysed separately for each species and fibre type using a 1-way ANOVA and a multiple comparison test by the Scheffe! procedure (Figs 2, 3 ). Another series of 1-way ANOVA and Scheffe! tests, using in this case all the field values, were performed in order to determine between-species differences in the data of the FCSA, FPER, MDD and NCF for each fibre type and muscle (Figs 4, 5) .

Figures 2 and 3 show a comparative approach for FCSA, FPER, MDD, NCF, CCA and CCP between the 3 bird species and between the 3 different fibre types found. The values shown in the histograms are the means of the 6 muscles studied, which were calculated for each muscle as the average of the field values (see Fig. 1 ). Beside each histogram a table with the levels of significance from the Scheffe! multiple comparison test is displayed. The upper half of each table compares bird species in respect of each fibre type, whilst in the lower half the comparisons are made between fibre types with regard to each bird species. Figures 4 and 5 show one small table for each fibre type and muscle, with the differences between the 3 bird species. The levels of significance of the 1-way ANOVA (first column) and the Scheffe! multiple comparison tests (the remaining columns) for each parameter are given. Micrographs from transverse sections of the pectoralis muscle of each species processed for succinate dehydrogenase and mATPase assays are shown in Figure 6 .
Results at the fibre type level
The measurements of FCSA, FPER and MDD for the FOG fibres were always lower than for the FG fibres in the 3 species studied ; this difference being specially notable for the FCSA of the mallard muscles where, in almost all fields, FG fibres were twice as large as FOG fibres. These variables presented intermediate values for SO fibres in mallard and coot muscles, whilst in gulls they were similar to those found in the FG fibres (e.g. see Fig. 6 c, d ). The unusual SW fibre type found in the deepest part of the coot PEC muscle (Fig. 6 e, f) showed values of FCSA, FPER and MDD within the range of those found in the SO fibres. If the global means of all the muscles are considered (Fig. 2 ) these differences and similarities may be statistically confirmed. For the mallard and the coot, a slight significant difference is evident between SO and FG fibres, whereas differences are highly significant between FOG and FG fibres and not significant between SO and FOG. The morphometric parameters are more similar between the 3 fibre types of the gull, where the statistical difference is minimal for the pair FOG-FG and is not significant for the other pairs.
After considering the global means of NCF (Fig.  3 a) , lower significance values in FOG are only found for mallard muscles. However, if NCF is expressed relative to the FCSA (as CCA), significant differences may be seen between FOG and FG fibres in the 3 bird species, and between SO and FG fibres in the mallard duck (Fig. 3 b) . The NCF expressed in relation to FPER (CCP) also shows significant differences but only between the mallard oxidative fibres and FG fibres (Fig. 3 c) . A common feature of the 3 species is the lack of significant differences in both indices between SO and FOG fibre types (Fig. 3 b, c ).
Results at the species level
In FCSA, FPER and MDD the global means from all muscles present only significant differences for the FOG fibres between the gull and the mallard ; and in MDD of SO fibres for the pair gull-coot (Fig. 2) . If the number of capillaries per FCSA and FPER are considered (CCA and CCP), a general trend for these Significance values : ns l not significant ; * l 0n05 P 0n01 ; ** l 0n01 P 0n001 ; *** l P 0n001. indices is clear : both have for the oxidative fibres (SO and FOG) the lowest value for the gull muscles, an intermediate value for the mallard, and the highest for the coot (Fig. 3 b, c) .
A detailed statistical analysis of the morphometric values for each fibre type and muscle is shown in Figures 4 and 5 . SO fibres have similar measurements in the GLE muscle (Fig. 4 a) but some differences exist between the mallard and the other species for the ITC muscle (Fig. 4 d) . For the SO fibres of the SCH muscle, it is of interest that higher statistical significance is found in the gull (Fig. 5 a) . Between-species comparisons for FG fibres in aerial-involved muscles result in the absence of significant differences for FCSA and FPER (Fig. 5 b, d, f) . By contrast, the FG fibres of the GLE muscle present statistically strong differences between the 3 species of birds (Fig. 4 b) , and between the mallard and the gull for the ITC (Fig.  4 e) .
The 1-way ANOVA indicates that significant differences between the 3 species are always present for FOG fibres, with the notable exception of the GLE (Fig. 4 c) . The high significance of the differences in the morphological parameters of PEC muscles for all pairs (Fig. 5 h) must be pointed out. The highest values in FCSA, FPER and MDD were measured for the gull and the lowest for the mallard PEC. Taking the FCSA as an example, the FOG fibres of the gull PEC muscle have a cross-section which averages 1n4 and 1n8 times that of the coot and the mallard, respectively (e.g. note differences between Fig. 6 a and Fig. 6 c or 6 e) . Another interesting finding is the highly significant values obtained in the TSC muscle for the gull FOG fibres, which are greater than for the mallard and the coot (Fig. 5 e) . The strong statistical difference between the mallard and the other 2 species in the FOG fibres of the SCH muscle also deserves mention (Fig. 5 c) .

Comparative morphometry between the 3 fibre types
The most evident feature shown by our results is the lower FCSA, FPER and MDD for FOG fibres than for FG fibres (Fig. 2) . This is a common trend, not only in avian musculature (see George & Berger, 1966) but also in skeletal muscles of other vertebrate species with a wide range of body weights (Gleeson et al. 1984 ; Sullivan & Pittman, 1987 ; Ishihara et al. 1991 ; Laidlaw et al. 1995 ; Rivero et al. 1996) . Since the final stage in oxygen delivery is transport from the capillaries to the mitochondria, the lower values for FOG and SO fibres in mean fibre size and diffusion distances is a consequence of their higher rate of oxidative metabolism. The fact that SO fibres in the 3 bird species studied had in general a moderate SDH staining intensity, as compared with the mainly high staining of the FOG fibres (see Materials and Methods), may explain the low statistical differences between SO and FG fibres for the morphometric parameters (Fig. 2) . It is possible that the greater surface area to volume ratios of the smaller fibres may influence their metabolic functions, as proposed by Gleeson & Harrison (1988) who found an inverse relationship between FCSA and fibre enzyme activities in reptilian muscle.
In contrast to what had been found in some reports (Romanul, 1965 ; Gray & Renkin, 1978) , where the fibres with a high oxidative capacity had a greater NCF than those with anaerobic metabolism, it can be deduced from our results that the oxidative differences between FOG, SO and FG fibre-types did not match a similar difference in the NCF (Fig. 3 a) . Such findings agree with those reported for several muscles of 5 mammalian species with a wide range of muscle fibre size (Plyley & Groom, 1975) , and with MathieuCostello et al. (1992) , who reported no significant differences in the NCF between rat soleus and hummingbird PEC muscle in spite of their very dissimilar values in FCSA and FPER. Moreover, our results show that the differences in oxidative capacity between FOG and FG fibres are accompanied by differences in CCA for the 3 bird species (Fig. 3 b) and in CCP for the mallard muscles (Fig. 3 c) . This is consistent with the speculation that the increment in oxygen supply, needed by the oxidative fibres, may be achieved by decreasing the size of the muscle fibre rather than by increasing the NCF (Plyley & Groom, 1975 ; Sullivan & Pittman, 1987) .
Comparative morphometry between the 3 species
The global means of CCA and CCP for the oxidative fibres (SO and FOG) present values in the order gull mallard coot (Fig. 3 b, c) , which matches the energetics of the different locomotor habits performed by these birds. Gulls predominantly glide during flight whilst mallards and coots are flapping fliers (Del Hoyo et al. 1992 . The evidence that flapping flight involves higher aerobic energetic demands than gliding (Baudinette & Schmidt-Nielsen, 1974 ; Goldspink et al. 1978 ) and the fact that mallards and coots are more active swimmers than gulls, may account for the lower CCA and CCP indices found in the gull. The higher values for the coot than for the mallard are likely to be a consequence of their feeding habits : coots frequently perform short dives when feeding whereas mallards usually only submerge their head (Del Hoyo et al. 1992 . Since short dives demand a significant aerobic effort (Butler, 1991) , the oxidative muscle fibres of the coot require greater CCA and CCP than those of the mallard.
It is notable that these differences found between the 3 species show greater statistical significance in FOG fibres for CCP than for CCA (Fig. 3) , which is indicative of the important functional role that the capillary distribution per unit of FPER has in bloodtissue oxygen delivery from capillaries to mitochondria. This is consistent with the findings on subsarcolemnal mitochondrial distributions (Weibel, 1984 ; Swatland, 1985 ; Suarez, 1992) , with the evidence that the regulated parameter in capillary network growth may be the number of capillaries per muscle fibre perimeter unit (Snyder, 1995) , and with the suggestion that the size of the capillary-to-fibre perimeter interface is one of the main determinants of oxygen flux rate (Mathieu-Costello, 1993) .
SO fibres. The presence of SO fibres with greater sizes in the SCH and EMR muscles of the gull than those of the mallard or the coot (Fig. 5 a) , is attributed to the mechanical function of these fibres during flight. The SCH muscle of gulls contributes to maintaining the humerus outstretched and the EMR to extending the wrist during gliding (Table) . This role of the SO fibres of the forelimb muscles implies a more constant and greater use of these fibres in the gull than in the other 2 species. Since muscle fibre size is known to be related to muscle use, resistance training increasing and inactivity decreasing the FCSA (Nicks et al. 1989 ; Lo! pez-Rivero et al. 1992) , the greater size found for SCH and EMR muscles of the gull matches these greater activity needs.
For the SO fibres of the leg muscles, the absent or weak statistical significances of the differences between the 3 species (Fig. 4 a, d ) may be indicative of the similar functional role in maintaining the posture attributed to these fibres in the leg (Suzuki et al. 1985) .
FOG fibres. The highly significant differences found in the morphometry of FOG fibres of PEC and TSC (Fig. 5 e, h) are correlated with the differences in energetic demands between flapping and gliding modes of flight (Butler & Woakes, 1980 ; Meyers, 1993) . Since the tension that a muscle fibre can develop is proportional to its cross-sectional area (Lucas et al. 1987 ; Elzinga et al. 1989) , the muscle architecture of the FOG fibres of the gull forelimb muscles, with greater FCSA and FPER, is suited to afford the long-lasting activity subjected to the great stress of tension required during gliding. It also corresponds to the low metabolic demands (Baudinette & Schmidt-Nelson, 1974 ; Goldspink et al. 1978) and to a relatively low beating rate (2n8 s −" ) of the gull wings (Meinertzhagen, 1955) . By contrast, the FOG fibres of the mallard and the coot PEC and TSC muscles attain their high oxidative function, required by sustained flapping flight and wing beat frequencies of 5n0 s −" (mallard) and 5n8 s −" (coot) (Meinertzhagen, 1955) , by reducing its size at the expense of a diminished ability for force generation. This small fibre size has a functional importance inas much as it reduces not only the MDD for the oxygen, but also the transport distances for the metabolites and other substrates.
In contrast, no level of significance was detected for the FOG of the hindlimb muscles (Fig. 5 c, f) . The fact that the 3 species studied here are all in some way aquatic birds, which need to manage sustained swimming abilities efficiently, may result in an equivalent or very similar FOG fibre morphometry in the 3 GLE and ITC muscles. This indicates that the compromise between an adequate fibre oxygen flux rate and the development of power, to overcome the water's drag force, should be highly optimised in this bird species.
FG fibres. These fibres are mainly recruited during short bursts of activity, when high power output requirements are needed (Alexander & Goldspink, 1977) . All muscles studied here are somehow involved in these kinds of activity : the pectoral limb muscles especially during the take-off or landing, and the leg muscles during sprint locomotion (either terrestrial or swimming). In spite of this, the fibre morphometric profile of FG fibres only presents significant differences between the 3 species of birds for the GLE muscles (see Figs 4, 5) , the most massive of the lower leg. The differences in drag forces between aerial and aquatic environments which muscles must overcome to generate locomotion should be considered to explain these findings.
It is possible that, for aerial locomotion, the differences in high muscle power requirements between these birds would be regulated by the amount (percentage) of FG fibres. In fact, these fibres were totally absent in the PEC muscles of the coot and the gull, while they have a substantial presence in the superficial parts of the mallard PEC muscle (Fig. 6 c ; Torrella et al. 1996) . This bird shows a marked pattern of vertical and explosive take-off for which FG fibres may be useful (Rosser & George, 1986) . Conversely, in the leg muscles and especially in the GLE, not only the numbers of FG fibres but also the FCSA and FPER would play an important role in performing high power foot strokes. In sharp contrast to what has been said for the oxidative fibres, the FG fibres have fewer size restrictions because of their relative independence from oxidative supply. This will enable the FG fibres to become large enough to provide the mallard and the coot GLE muscles with rapid powerful short-duration contractions. Activities such as sprint swimming or taking-off from water either by a single thrust of both feet, as in the mallard (Del Hoyo et al. 1992) , or by short runs over the water, as in the coot (Ru$ ppell, 1977) , will therefore easily be achieved.
Since between-species comparisons of the fibre morphometric values for the GLE muscle only yielded statistical differences for the FG fibres (Fig. 5 a-c) , and considering that the GLE muscle is responsible for paddling during swimming (Table) , it seems reasonable to hypothesise that the morphometric differences in FG fibres of this muscle are an important adaptive response to force generation, as a response to the different locomotor behaviour of each species.
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